Introduction
============

Human T-lymphotropic viruses are a family of human type-C RNA tumor viruses (*i.e.* retroviruses) including HTLV-I, HTLV-II and HTLV-III, which are closely related to a variety of human T-cell malignancies and acquired immunodeficiency syndrome (AIDS).[@cit1],[@cit2] As a close relative of HTLV-I, HTLV-II has strong association with neurological disorders (*e.g.*, HTLV-associated myelopathy/tropical spastic paraparesis (HAM/TSP)), respiratory symptoms (*e.g.*, pneumonia and bronchitis), inflammatory responses (*e.g.*, arthritis) and increased mortality.[@cit2] Injection drug users (IDU) infected with HTLV-II may introduce the virus into the general population and blood donors through secondary sexual transmission, inducing global neurological disability and neuropathy.[@cit3] Moreover, HTLV-II DNA is usually present in clinical samples at trace levels (10--100 copy number per μg DNA).[@cit4] Taking into account its low abundance, short size, high sequence homology among the HTLV family members and its critical roles in biomedical research, the development of an effective method for sensitive and selective detection of HTLV-II DNA is highly urgent.

So far, a variety of amplification strategies have been developed for sensitive detection of target nucleotides including polymerase chain reaction (PCR),[@cit5]--[@cit7] rolling circle amplification (RCA),[@cit8]--[@cit10] loop-mediated isothermal amplification (LAMP),[@cit11],[@cit12] hybridization chain reaction (HCR),[@cit13],[@cit14] catalyzed hairpin assembly (CHA) amplification,[@cit15] ligase chain reaction (LCR),[@cit16],[@cit17] and exonuclease-[@cit18],[@cit19]/endonuclease-assisted signal amplification (EASA).[@cit20]--[@cit23] PCR is a thermal cycle-based DNA amplification technique with the involvement of a stringent primer/template design and precise thermal cycling.[@cit5]--[@cit7] RCA[@cit8]--[@cit10] and LAMP[@cit11],[@cit12] are isothermal amplification techniques that circumvent the cumbersome thermal cycling of PCR. However, RCA involves complicated preparation and isolation of circle templates,[@cit8]--[@cit10] and LAMP requires a complex design of DNA hairpin probes.[@cit11],[@cit12] In addition, PCR, RCA and LAMP are DNA template-dependent amplification, which inevitably involve amplicon cross-contamination induced by nonspecific amplification. Alternatively, HCR is based on a chain hybridization reaction between two sets of DNA hairpin probes,[@cit13],[@cit14] and CHA is based on accelerated hybridization between two DNA hairpin probes catalyzed by an input DNA target.[@cit15] Both HCR and CHA can offer enzyme-free nucleic acid-based signal amplification, but their performances heavily rely on the precise design of DNA hairpin probes. LCR utilizes thermostable DNA ligase to ligate adjacently hybridized DNA probes for amplification detection of target DNA.[@cit16] However, the reaction conditions of LCR (*e.g.* appropriate ligation temperature, cycle number and ligase concentration) are relatively complicated with the involvement of gel electrophoresis for ligation product separation.[@cit17] EASA employs exonucleases (*e.g.* exonuclease III[@cit15],[@cit18],[@cit24] and lambda exonuclease[@cit19]) and endonucleases (*e.g.* Nt.AlwI,[@cit20] Nt.BbvCI,[@cit21] N.BstNBI[@cit22] and Nb.BsmI[@cit23]) to cyclically digest/cleave specific nucleotide sequences for signal amplification, but the low cleavage efficiency and the non-specific digestion may lead to poor specificity and low sensitivity.

Bio-bar-code amplification (BCA) is a new amplification technique that utilizes short oligonucleotides as the recognition strands and surrogate amplification units for enhanced signal amplification.[@cit25],[@cit26] Especially, the assembly of multiple oligonucleotides on a single nanoparticle and the subsequent introduction of magnetic separation offer a very clean reaction environment for BCA, enabling improved sensitivity and specificity[@cit25]--[@cit28] for the detection of a variety of proteins and nucleic acids.[@cit27],[@cit29]--[@cit31] However, the reported BCA usually involves a 1 : 1 hybridization ratio for nanoparticles and the target strand, complicated preparation of oligonucleotide-/protein-modified nanoparticles and tedious procedures for distinguishing signal probes from the nanoparticle.[@cit25],[@cit26],[@cit28] Therefore, the achievement of high sensitivity and a wide dynamic range still remains a great challenge and calls for the introduction of new techniques into BCA. Terminal deoxynucleotidyl transferase (TdT) is a template-free intranuclear polymerase, and it can catalyze the incorporation of a highly variable number of mononucleotides into the 3′-hydroxyl (OH) termini of single-stranded DNA (ssDNA) fragments[@cit32],[@cit33] and may be exploited as a new tool for signal amplification.[@cit34]--[@cit36] With the addition of a deoxynucleotide (dNTP) pool (60% dGTP + 40% dATP), TdT can catalyze the polymerization extension to produce long randomly arrayed guanine (G)-rich sequences which may bind cofactor hemin to form G-quadruplex/hemin complexes with similar catalytic activity to horseradish peroxidase (HRP).[@cit37] G-quadruplex HRP-mimicking DNAzyme is a functional nucleic acid that can fold into a four-stranded G-quadruplex structure with the incorporation of hemin into catalytically active structures to catalyze the peroxidase (H~2~O~2~)-mediated oxidation of chemical reagents (*e.g.* ABTS^2--^ and luminol) for the generation of amplified colorimetric and optical signals.[@cit38],[@cit39] The G-quadruplex DNAzyme has been used as a biocatalytic label for amplified detection of various biomolecules including nucleotides,[@cit40],[@cit41] proteins,[@cit42],[@cit43] enzymes[@cit39],[@cit44] and cations.[@cit45],[@cit46] To the best of our knowledge, the combination of BCA with TdT-catalyzed formation of G-quadruplex DNAzymes for chemiluminescence detection of target DNA has never been reported so far.

Here we demonstrate for the first time the controllable fabrication of bio-bar codes for dendritically amplified sensing of HTLV-II DNA. Taking advantage of the efficient polymerization reaction catalyzed by TdT, the high amplification efficiency of BCA, and the high sensitivity of G-rich DNAzyme-driven chemiluminescence, this method can detect HTLV-II DNA with a limit of detection of as low as 0.50 aM and a large dynamic range of 9 orders of magnitude from 1 aM to 1 nM. Moreover, it can be applied for the discrimination of a single-base mismatch and the measurement of HTLV-II DNA in both human serum and human T-lymphocytic leukemia cells.

Results and discussion
======================

The principle of HTLV-II DNA assay is illustrated in [Scheme 1](#sch1){ref-type="fig"}. This assay involves two kinds of streptavidin-coated nanoparticles including 2.8 μm-diameter iron oxide MMPs and 10 nm-diameter AuNPs. Through specific biotin--streptavidin interaction, the MMPs are functionalized with 3′-biotinylated capture probe 1 ([Scheme 1](#sch1){ref-type="fig"}, black color) to obtain capture probe 1-functionalized MMPs. Capture probe 1 is complementary to one 17-mer portion (5′-AGC ACC AAC TCA CCT GG-3′) of HTLV-II DNA ([Scheme 1](#sch1){ref-type="fig"}, red color). The AuNPs are modified with two kinds of oligonucleotides including capture probe 2 ([Scheme 1](#sch1){ref-type="fig"}, orange color) and a reporter probe ([Scheme 1](#sch1){ref-type="fig"}, green color). 3′-Biotinylated capture probe 2 with a poly-adenine (A) sequence is complementary to the poly-thymidine (T) product ([Scheme 1](#sch1){ref-type="fig"}, blue color) obtained in the TdT-catalyzed first-step polymerization reaction, and the 5′-biotinylated reporter probe may act as a primer for the initiation of TdT-catalyzed second-step polymerization extension to produce G-rich DNAzymes ([Scheme 1](#sch1){ref-type="fig"}, pink color). The streptavidin-coated AuNPs are functionalized with capture probe 2 and reporter probes at a 1 : 100 ratio, respectively, through specific biotin--streptavidin interaction[@cit26] to obtain capture probe 2/reporter probe-functionalized AuNPs. As shown in [Scheme 1](#sch1){ref-type="fig"}, this assay involves two consecutive steps: (1) HTLV-II DNA-induced first-step enzymatic extension coupled with dendritic self-assembly of bio-bar codes, and (2) the second-step enzymatic extension-induced chemiluminescence in the presence of hemin. In the first-step reaction, target HTLV-II DNA may partly hybridize with MMP-modified capture probe 1 to form a stable double-stranded DNA (dsDNA) duplex with a protruding 3′-hydroxylated sequence of HTLV-II DNA. The protruding ssDNA sequence may function as a primer to initiate TdT-catalyzed template-independent polymerization extension. Upon the addition of a dTTP pool, TdT can catalyze the repeated incorporation of dTTPs into the 3′-OH termini of HTLV-II DNA, generating a long chain of poly-thymidine (T) sequence. The resultant poly-T products may hybridize with poly-A capture probe 2, leading to the self-assembly of multiple capture probe 2-/reporter probe-functionalized AuNPs onto the poly-T product-linked MMPs. In the second-step reaction, the excess TdT enzymes are removed by magnetic separation, and subsequently the capture probe 2-/reporter probe-functionalized AuNPs, TdT, and a dNTP pool (60% dGTP and 40% dATP) are added into the reaction system. With reporter probes as primers, TdT will randomly incorporate dGTPs and dATPs into the 3′-OH ends of the reporter probes, producing large numbers of long chains of G-rich sequences. In the presence of hemin, the G-rich products can bind with the cofactor hemin to form hemin--G-quadruplex nanostructures which can catalyze the H~2~O~2~-mediated oxidation of luminol to generate an amplified chemiluminescence signal. Taking advantage of the efficient TdT-catalyzed two-step polymerization reaction, the high amplification efficiency of BCA, and the intrinsically high sensitivity of G-rich DNAzyme-driven chemiluminescence, the proposed method can sensitively detect HTLV-II DNA.

![Schematic illustration of controllable fabrication of bio-bar codes for dendritically amplified sensing of HTLV-II DNA. This assay involves two consecutive steps: (1) HTLV-II DNA-induced TdT-catalyzed first-step enzymatic extension coupled with dendritic self-assembly of bio-bar codes, and (2) TdT-catalyzed second-step enzymatic extension-induced chemiluminescence in the presence of hemin.](c8sc01641k-s1){#sch1}

To characterize the functionalized nanoprobes, we measured the UV-vis spectra of the capture probe 1-functionalized MMPs ([Fig. 1A](#fig1){ref-type="fig"}) and the capture probe 2-/reporter probe-functionalized AuNPs ([Fig. 1B](#fig1){ref-type="fig"}), respectively. A characteristic absorption peak at 260 nm is observed for the capture probe 1-functionalized MMPs ([Fig. 1A](#fig1){ref-type="fig"}, red line), indicating the successful conjugation of capture probe 1 onto the surface of MMPs. However, no visible absorption peak is detected for only MMPs ([Fig. 1A](#fig1){ref-type="fig"}, black line). In contrast to only one significant absorbance peak at 520 nm for only AuNPs ([Fig. 1B](#fig1){ref-type="fig"}, black line), two characteristic absorbance peaks at 260 and 520 nm are observed for capture probe 2-/reporter probe-functionalized AuNPs ([Fig. 1B](#fig1){ref-type="fig"}, red line), suggesting the successful conjugation of capture probe 2 and the reporter probe onto the surface of AuNPs. To verify whether HTLV-II DNA can initiate the TdT-catalyzed polymerization extension and the subsequent assembly of AuNPs--DNA, we employed TEM to characterize the AuNPs and the HTLV-II DNA/poly-T product/AuNPs--DNA nanostructure. In the absence of HTLV-II DNA, the AuNPs show a uniform spherical crystallite with an average diameter of 10 nm ([Fig. 1C](#fig1){ref-type="fig"}). In contrast, HTLV-II DNA induces distinct AuNP aggregation ([Fig. 1D](#fig1){ref-type="fig"}). In the presence of HTLV-II DNA, TdT-catalyzed polymerization extension is initiated for the generation of a \>300 nt chain of poly-T sequence after 30 min reaction.[@cit47]--[@cit50] The resultant poly-T product may hybridize with AuNP-modified poly-A capture probe 2 to form a nanostructure of HTLV II-DNA/poly-T product/AuNPs--DNA, leading to the assembly of more than 30 AuNPs--DNA around each poly-T product ([Fig. 1D](#fig1){ref-type="fig"}). In theory, each poly-T product may assemble a maximum of 16 AuNPs when capture probe 2 with an 18 nt poly-A sequence completely hybridizes with the poly-T sequence. In fact, each poly-T product can assemble more than 30 AuNPs ([Fig. 1D](#fig1){ref-type="fig"}) due to the partial hybridization of capture probe 2 with the poly-T sequence, facilitating the subsequent dendritic amplification. To validate the feasibility of the proposed method, we measured the chemiluminescence signals under various experimental conditions ([Fig. 1E](#fig1){ref-type="fig"}). Significant chemiluminescence enhancement is observed only in the presence of HTLV-II DNA, TdT (added in the first- and second-step reactions, respectively), dTTP, AuNPs and dATP + dGTP ([Fig. 1E](#fig1){ref-type="fig"}, red column), demonstrating that only HTLV-II DNA can trigger TdT-catalyzed first-step polymerization extension and the subsequent bio-bar-code-based dendritic amplification for the generation of an amplified chemiluminescence signal. In contrast, no distinct chemiluminescence signal is observed in the absence of either one of HTLV-II DNA, TdT, dTTP, AuNPs and dATP + dGTP ([Fig. 1E](#fig1){ref-type="fig"}). These results clearly demonstrate the feasibility of bio-bar codes for chemiluminescence detection of HTLV-II DNA.

![(A) UV-visible spectra of the capture probe 1-functionalized MMPs (red line) and MMPs (black line). (B) UV-visible spectra of the capture probe 2-/reporter probe-functionalized AuNPs (red line) and only AuNPs (black line). (C and D) TEM images of AuNPs (C) and the HTLV II-DNA/poly-T product/AuNPs--DNA nanostructures (D). The scale bar is 200 nm. (E) Measurement of chemiluminescence intensity of the reaction system in the absence of HTLV-II DNA (black column), TdT (TdT-1, added in the first-step reaction, green column; TdT-2, added in the second-step reaction, orange column), dTTP (purple column), AuNPs (brown column), and dATP + dGTP (blue column), and in the presence of all the above reagents (red column). Error bars show the standard deviations of three experiments.](c8sc01641k-f1){#fig1}

To achieve the best performance, we optimized the experimental conditions including the polymerization time of TdT-catalyzed two-step extension reactions, the concentrations of hemin, luminol, and piperazine-1-ethanesulfonic acid sodium salt (HEPES), and the ratio of dATP to dGTP (see ESI, Fig. S1[†](#fn1){ref-type="fn"}). Under the optimal experimental conditions, we measured the chemiluminescence intensity in response to different concentrations of HTLV-II DNA. As shown in [Fig. 2](#fig2){ref-type="fig"}, the chemiluminescence intensity enhances with increasing concentration of HTLV-II DNA from 1 aM to 1 nM. Moreover, the chemiluminescence intensity shows a good linear relationship with the logarithm of HTLV-II DNA concentration over a large dynamic range of 9 orders of magnitude from 1 aM to 1 nM (inset of [Fig. 2](#fig2){ref-type="fig"}). The correlation equation is *I* = 1.59 × 10^8^ log~10~*C* + 3.05 × 10^9^ with a correlation coefficient of 0.9887, where *I* represents the chemiluminescence intensity and *C* represents the HTLV-II DNA concentration (M). The limit of detection (LOD) is calculated to be 0.50 aM by evaluating the average response of the negative control plus three times the standard deviation. Notably, the introduction of capture probe 2-/reporter probe-functionalized AuNPs in the current assay induces a 913.30-fold enhancement compared to that without the capture probe 2-/reporter probe-functionalized AuNPs (see ESI, Fig. S2[†](#fn1){ref-type="fn"}). In theory, each MMP is modified with ∼3.08 amol capture probe 1 according to the instruction of the manufacturer, resulting in the assembly of ∼3.08 amol HTLV-II DNA around each MMP through specific DNA hybridization and consequently the generation of ∼3.08 amol poly-T polymerization products (\>300 nt) by TdT-catalyzed first-step enzymatic extension (see ESI, Fig. S1A,[†](#fn1){ref-type="fn"} lane 4). Since each \>300 nt poly-T product may couple with more than 30 capture probe 2-/reporter probe-functionalized AuNPs ([Fig. 1D](#fig1){ref-type="fig"}), one MMP can assemble more than 5.55 × 10^7^ capture probe 2-/reporter probe-functionalized AuNPs. According to the instructions, each AuNP is theoretically modified with 0.05 zmol reporter probes which may function as the primers for TdT-initiated second-step enzymatic extension, producing 0.05 zmol long G-rich DNAzymes (see ESI, Fig. S1C,[†](#fn1){ref-type="fn"} lane 4). As a result, each MMP may be assembled by more than 2.34 × 10^9^ G-rich DNAzymes, which is 1.26 × 10^3^-fold more than that without the involvement of capture probe 2-/reporter probe-functionalized AuNPs (1.85 × 10^6^ G-rich DNAzymes) (see ESI, Fig. S2[†](#fn1){ref-type="fn"}). The discrepancy between the theoretically calculated signal enhancement (1.26 × 10^3^-fold) and the experimental result (913.30-fold, Fig. S2[†](#fn1){ref-type="fn"}) may be ascribed to that the assembly of a large number of long G-rich DNAzymes on one poly-T sequence may cause steric hindrance for the formation of functional G-quadruplex structures which are proportional to the chemiluminescence intensity. Notably, in comparison with the reported methods for DNA assay (see ESI, Table S1[†](#fn1){ref-type="fn"}), this method exhibits the highest sensitivity (0.50 aM) and the largest dynamic range (9 orders of magnitude). The high sensitivity of the proposed method may be ascribed to (1) the highly efficient two-step polymerization extension reactions catalyzed by TdT, (2) the high amplification efficiency of BCA, (3) the intrinsically high sensitivity of G-rich DNA product-driven chemiluminescence, and (4) the near-zero background resulting from the magnetic separation. The large dynamic range is mainly attributed to the involvement of the chemiluminescence detection system which utilizes unique circuitry-mediated photoelectric multiplication and a software-controlled automatic operating system, enabling fast, accurate and sensitive detection of weak optical signals with a wide linear dynamic range.[@cit39],[@cit43],[@cit51] In comparison with the reported methods for DNA assay (see ESI, Table S1[†](#fn1){ref-type="fn"}), the proposed method possesses significant advantages of high sensitivity, a large dynamic range, a low background signal and ease of operation, without the involvement of either varying reaction temperature or multiple enzymes for signal amplification.

![Variance of the chemiluminescence intensity with different concentrations of HTLV-II DNA. Inset shows the linear relationship between the chemiluminescence intensity and the logarithm of HTLV-II DNA concentration. The amount of TdT in the first-step polymerization reactions is 0.4 U, and the amount of TdT in the second-step polymerization reactions is 0.4 U. Error bars show the standard deviations of three experiments.](c8sc01641k-f2){#fig2}

Due to the high sequence homology among the HTLV family, the selective detection of HTLV-II DNA remains a great challenge.[@cit4] To investigate the selectivity of the proposed method, we measured the chemiluminescence intensity in response to HTLV-II DNA, one-base mismatched DNA, three-base mismatched DNA, and noncomplementary DNA under the same experimental conditions. As shown in [Fig. 3](#fig3){ref-type="fig"}, high chemiluminescence intensity is detected in response to 1 nM HTLV-II DNA, which is 3.99-fold higher than that in response to one-base mismatched, 5.25-fold higher than that in response to three-base mismatched, and 35.4-fold higher than that in response to noncomplementary DNA. These results demonstrate the high selectivity of the proposed method with the capability of discriminating even a single-base mismatch.

![Measurement of chemiluminescence intensity in response to 1 nM one-base mismatched (black column), 1 nM three-base mismatched (green column), 1 nM noncomplementary DNA (blue column), and 1 nM HTLV-II DNA (red column), respectively. Error bars show the standard deviation of three independent experiments.](c8sc01641k-f3){#fig3}

To verify the feasibility of the proposed method for real sample analysis, we measured the chemiluminescence intensity in response to HTLV-II DNA spiked in 10% human serum ([Fig. 4A](#fig4){ref-type="fig"}). In the absence of HTLV-II DNA, no distinct chemiluminescence signal is observed in either the control group without HTLV-II DNA and human serum ([Fig. 4A](#fig4){ref-type="fig"}, black column) or 10% human serum group ([Fig. 4A](#fig4){ref-type="fig"}, purple column), while a high chemiluminescence signal is detected in response to HTLV-II DNA + 10% human serum ([Fig. 4A](#fig4){ref-type="fig"}, green column), with a similar value obtained in response to only HTLV-II DNA ([Fig. 4A](#fig4){ref-type="fig"}, red column), suggesting that the performance of this assay is not affected by the interference from human serum. Notably, the chemiluminescence intensity improves with increasing concentration of HTLV-II DNA in human serum, and a linear correlation is obtained between the chemiluminescence intensity and the logarithm of HTLV-II DNA concentration in the range from 10 aM to 1 nM ([Fig. 4B](#fig4){ref-type="fig"}). The correlation equation is *I* = 1.59 × 10^8^ log~10~*C* + 2.95 × 10^9^ with a correlation coefficient of 0.9857, where *I* is the chemiluminescence intensity and *C* is the HTLV-II DNA concentration. The limit of detection is calculated to be 1.0 aM based on the evaluation of the average signal of blank plus three times the standard deviation, which is comparable to the value (0.5 aM) obtained in the absence of human serum ([Fig. 2](#fig2){ref-type="fig"}). These results demonstrate that the proposed method can be used to quantify HTLV-II DNA in real samples.

![(A) Variance of the chemiluminescence intensity in response to the control group without HTLV-II DNA and human serum (black column), 10% human serum (purple column), 1 nM HTLV-II DNA (red column), and 1 nM HTLV-II DNA + 10% human serum (green column), respectively. (B) Linear relationship between the chemiluminescence intensity and the logarithm of HTLV-II DNA concentration in 10% human serum. Error bars show the standard deviations of three experiments.](c8sc01641k-f4){#fig4}

We further employed the proposed method to detect HTLV-II DNA in a human T-cell leukemia line (HuT-78 cells) and a human myeloma cell line (U266B1 cells). As shown in [Fig. 5A](#fig5){ref-type="fig"}, no distinct chemiluminescence signal is observed in either the control group with only extraction buffer or U266B1 cells due to the lack of HTLV-II DNA in U266B1 cells (non-T cells).[@cit2] In contrast, a high chemiluminescence signal is detected in HuT-78 cells, indicating the existence of HTLV-II DNA in HuT-78 cells.[@cit2] Moreover, according to the fitted calibration equation in [Fig. 2](#fig2){ref-type="fig"}, the amount of HTLV-II DNA in HuT-78 cells is determined to be 2.10 pM. In addition, the genomic DNA samples extracted from HuT-78 cells and U266B1 cells were further measured by real-time quantitative PCR (qPCR) ([Fig. 5B](#fig5){ref-type="fig"}). In the control with only extraction buffer, no visible fluorescence signal is observed ([Fig. 5B](#fig5){ref-type="fig"}, black curve), while in U266B1 cells ([Fig. 5B](#fig5){ref-type="fig"}, green curve) and HuT-78 cells ([Fig. 5B](#fig5){ref-type="fig"}, red curve), both the real-time fluorescence signals increase in a sigmoidal fashion, implying that non-target DNA existing in U266B1 cells may induce nonspecific amplification for the generation of a high background signal in the qPCR assay. In contrast, our method exhibits better tolerance to intracellular interference than the qPCR-based assay. According to the fitted calibration equation (see ESI, Fig. S3A and B[†](#fn1){ref-type="fn"}), the expression levels of HTLV-II DNA are detected to be 0.28 aM in U266B1 cells and 2.31 pM in HuT-78 cells, consistent with the results (0 aM in U266B1 cells and 2.10 pM in HuT-78 cells) obtained by the proposed method. Notably, taking into account the fact that no HTLV-II DNA is expressed in U266B1 cells,[@cit2] our result (0 aM) is more accurate than that of the qPCR assay (0.28 aM).

![(A) Measurement of chemiluminescence intensity in response to the control group with only extraction buffer (black column), genomic DNA from U266B1 cells (green column) and HuT-78 cells (red column). (B) Quantitative real-time fluorescence monitoring of the PCR amplification reaction in response to the control group with only extraction buffer (black curve), genomic DNA from U266B1 cells (green curve) and HuT-78 cells (red curve). SYBR gold is used as the fluorescent indicator. In A, error bars show the standard deviations of three experiments. In B, the three curves indicate the triplicate measurements of each sample.](c8sc01641k-f5){#fig5}

Conclusions
===========

We developed for the first time the controllable fabrication of bio-bar codes for dendritically amplified sensing of HTLV-II DNA. Taking advantage of the efficient polymerization extension reaction catalyzed by TdT, the high amplification efficiency of BCA, and the intrinsically high sensitivity of G-rich DNAzyme-driven chemiluminescence, this method exhibits ultrahigh sensitivity with a detection limit of 0.50 aM and a large dynamic range of 9 orders of magnitude, which is superior to the reported methods for DNA assay (see ESI, Table S1[†](#fn1){ref-type="fn"}). Moreover, this method can specifically discriminate the single-base mismatch in HTLV-II DNA, and it can be applied to accurately quantify HTLV-II DNA in human serum and human T-lymphocytic leukemia cells. Especially, this method has distinct advantages: (1) the whole experiment is performed at a constant temperature (37 °C) without the involvement of strict temperature cycling; (2) only one enzyme (*i.e.* TdT) is required to initiate two-step enzymatic extension for dendritic chemiluminescence signal amplification, without the involvement of multiple polymerases, exonucleases and endonucleases, greatly simplifying the operations; (3) all the involved DNA probes are linear strand DNAs, without the involvement of a complicated design of hairpin-structure probes; (4) the magnetic separation may provide a clean reaction environment to significantly improve the signal-to-noise ratio; and (5) the template-free polymerization extension is employed in this strategy, eliminating the preparation of polymerization templates and signal probes. Importantly, this method can be easily extended to sensitive detection of other types of trace-level nucleic acid targets, holding great potential in biomedical research and clinical diagnosis.

Experimental section
====================

Chemicals and materials
-----------------------

All oligonucleotides ([Table 1](#tab1){ref-type="table"}) were synthesized by Sangon Biotechnology Co. Ltd. (Shanghai, China). Terminal deoxynucleotidyl transferase (TdT), 10× terminal deoxynucleotidyl transferase reaction buffer (500 mM potassium acetate (KAc), 200 mM Tris--acetate (Tris--Ac), 100 mM magnesium acetate (Mg(Ac)~2~), pH 7.9), 10× cobalt([ii]{.smallcaps}) chloride (CoCl~2~) (2.5 mM), deoxynucleotide (dNTP) solution set (dATP, dTTP, dGTP and dCTP), Q5® high-fidelity DNA polymerase and 5× Q5® high-fidelity polymerase reaction buffer were purchased from New England Biolabs (Ipswich, MA, USA). The streptavidin-conjugated magnetic microparticles (MMPs, Dynabeads™ M-280 Streptavidin) were obtained from Invitrogen Corporation (Carlsbad, CA, USA). The streptavidin-conjugated Au nanoparticles (AuNPs) were purchased from Nanocs Inc. (New York, NY, USA). SYBR gold was bought from Life Technologies (Carlsbad, CA, USA). Hemin, luminol, peroxidase (H~2~O~2~) and 4-(2-hydroxyethyl)-piperazine-1-ethanesulfonic acid sodium salt (HEPES) were obtained from Sigma-Aldrich Company (St. Louis, MO, USA). Human T-cell leukemia lines (HuT-78 cells) and human myeloma cell lines (U266B1 cells) were purchased from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). The hemin solution was prepared by dissolving 0.15 g of hemin in 5 mL of dimethylsulfoxide (DMSO) followed by dilution with 30.5 mL of ultra-pure water, and ultimately stored at --20 °C in the dark. The luminol solution was prepared with 0.1 M NaOH and stored at room temperature in the dark. Other chemicals were of analytical grade and used without further purification. Ultrapure water was obtained through a Millipore filtration system.

###### Sequences of the oligonucleotides[^*a*^](#tab1fna){ref-type="fn"}

  Note                        Sequences (5′--3′)
  --------------------------- -----------------------------------------------
  HTLV-II DNA                 AGC ACC AAC TCA CCT GGG ACC CCA T
  One-base mismatched DNA     AGC AC**A** AAC TCA CCT GGG ACC CCA T
  Three-base mismatched DNA   AG**A** ACC A**C**C TCA **A**CT GGG ACC CCA T
  Noncomplementary DNA        GAG GGC CTG CAG GAT CAT TGG CTT T
  Capture probe 1             ATG GGG TCC CAG GTG AG-biotin
  Capture probe 2             AAA AAA AAA AAA AAA AAA TCT TAT CTT-biotin
  Reporter probe              Biotin-ACA TGC TTG GAC TGC

^*a*^In one-base mismatched DNA, the bold "A" base indicates the mismatched base as compared with "C" in HTLV-II DNA. In three-base mismatched DNA, the bold "A" and "C" bases indicate the mismatched bases as compared with "C", "A" and "C" in HTLV-II DNA, respectively. In capture probes 1 and 2, the 3′ end is modified with biotin, respectively. In the reporter probe, the 5′ end is modified with biotin.

Preparation of capture probe 1-functionalized MMPs and capture probe 2-/reporter probe-functionalized AuNPs
-----------------------------------------------------------------------------------------------------------

All oligonucleotides were dissolved in 1× Tris--EDTA buffer to prepare the stock solutions. 1 μL of capture probe 1 (10 μM) and 1 μL of MMPs (10 mg mL^--1^) were added into 10 μL of ultrapure water and incubated at room temperature for 10 min to form capture probe 1-functionalized MMPs through biotin--streptavidin interaction. After magnetic separation, excess capture probe 1 was removed, and capture probe 1-functionalized MMPs were obtained. 1 μL of AuNPs (0.5 mg mL^--1^), 0.45 μL of capture probe 2 (1 μM) and 4.05 μL of reporter probes (1 μM) were added into 1200 μL of ultrapure water and incubated at room temperature for 10 min to form capture probe 2-/reporter probe-functionalized AuNPs through specific biotin--streptavidin interaction.

TdT-catalyzed controllable fabrication of bio-bar codes for dendritic chemiluminescence signal amplification
------------------------------------------------------------------------------------------------------------

For the TdT-catalyzed first-step polymerization extension reaction, different concentrations of HTLV-II DNA were added into 20 μL of hybridization solution containing freshly prepared capture probe 1-functionalized MMPs, 750 mM NaCl and 75 mM sodium citrate, followed by incubation at room temperature for 10 min to form dsDNA duplexes with the protruding 3′-hydroxylated ssDNA sequences. After magnetic separation, 0.4 U of TdT was added into 20 μL of polymerization reaction solution consisting of the precipitated products, 2 μL of dTTPs (100 μM), 2 μL of 10× terminal transferase reaction buffer, and 2 μL of CoCl~2~ (2.5 mM), and incubated at 37 °C for 30 min to perform the polymerization reaction with the protruding 3′-end sequence of HTLV-II DNA as a primer. After the polymerization reaction, 0.15 μL of freshly prepared capture probe 2-/reporter probe-functionalized AuNPs were added into the hybridization solution containing the poly-T products, 750 mM NaCl and 75 mM sodium citrate, followed by incubation at room temperature for 10 min. The excess TdT, dTTPs and capture probe 2-/reporter probe-functionalized AuNPs were removed through magnetic separation. For the TdT-catalyzed second-step polymerization extension reaction, 0.4 U of TdT was added into 20 μL of polymerization reaction system consisting of the precipitated products, 0.8 μL of dATPs (100 μM), 1.2 μL of dGTPs (100 μM), 2 μL of 10× terminal transferase reaction buffer, and 2 μL of CoCl~2~ (2.5 mM), followed by incubation at 37 °C for 20 min. After magnetic separation, 63 μL of deionized water was added to suspend the precipitated products. After incubation at 90 °C for 3 min, the supernatants were transferred into fresh tubes and subjected to chemiluminescence measurements.

Characterization of MMPs, oligonucleotide-functionalized MMPs, AuNPs, and HTLV II DNA/poly-T product/AuNP--DNA nanostructures
-----------------------------------------------------------------------------------------------------------------------------

The UV absorption spectra of MMPs, capture probe 1-functionalized MMPs, AuNPs and capture probe 2-/reporter probe-functionalized AuNPs were measured by using a NanoDrop 2000/2000C spectrophotometer (Thermofisher, Friendship, ME, USA). The morphologies of AuNPs and the HTLV II DNA/poly-T product/AuNP--DNA nanostructures were examined by using a Hitachi HT-7700 transmission electron microscope (TEM, Tokyo, Japan).

Gel electrophoresis analysis
----------------------------

After the TdT-catalyzed polymerization reaction, the reaction products were analyzed by 3% agarose gel electrophoresis in 1× TAE buffer (40 mM Tris--acetic acid, 2 mM EDTA, pH 8.0) at a 110 V constant voltage for 40 min at room temperature. The gels were stained with 1× SYBR gold and imaged using a ChemiDoc MP Imaging System (Hercules, California, USA).

Chemiluminescence measurements
------------------------------

The freshly prepared luminol solution (0.5 mM) and hemin solution (750 nM) were added into the mixture containing 63.1 μL of reaction products and 30 μL of incubation buffer (40 mM HEPES, 300 mM NaCl, 20 mM KCl, pH 8.0), and incubated at room temperature for 30 min to make the G-rich polymerization products to fold into four-stranded G-quadruplex structures. Upon the addition of 15 μL of H~2~O~2~ (100 mM) into the mixture, the chemiluminescence signals were measured by using a GloMax 96 Microplate Luminometer (Promega, Madison, WI, USA) with a time interval of 1.5 s.

Cell culture and preparation of genomic DNA
-------------------------------------------

HuT-78 cells and U266B1 cells were cultured in Roswell Park Memorial Institute (RPMI) medium 1640 (Gibco, USA) with 20% fetal bovine serum (FBS, Gibco, USA) and 1% penicillin--streptomycin (PS, Gibco, USA) in a humidified chamber containing 5% CO~2~ at 37 °C. At the exponential phase of growth, the cells were collected and counted using a Countstar automated cell counter (Inno-Alliance Biotech Inc., Wilmington, DE, USA). Genomic DNA from HuT-78 cells (1 × 10^7^) and U266B1 cells (1 × 10^7^) was extracted with a universal genomic DNA extraction kit Ver.5.0 (TaKaRa Biotechnology Co., Ltd., Dalian, China). After extraction, 200 ng of genomic DNA was taken for the measurement of HTLV II DNA by the proposed method and the qPCR-based method, respectively. For the qPCR experiment, 200 ng of the extracted genomic DNA was added into 25 μL of polymerization buffer containing 200 μM dNTPs, 500 nM forward primer (5′-TGT CCA GAG CAC CAA CTC AC-3′) and 500 nM reverse primer (5′-GTC CAT CGA TGG GGT CCC AG-3′), 0.5 U of Q5® high-fidelity DNA polymerase, and 5 μL of 5× Q5 high-fidelity polymerase reaction buffer. The polymerization reaction was performed on a Bio-Rad CFX Connect™ thermocycler (Hercules, CA, USA) under the following conditions: 98 °C for 30 s followed by 40 cycles at 98 °C for 10 s, 64 °C for 20 s, 72 °C for 15 s and 72 °C for 2 min. The obtained PCR products were subjected to HTLV-II DNA analysis.
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